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Abstract
We describe a numerical calculation tool H-COUP1 written in Fortran, which provides
one-loop electroweak corrected vertices for the discovered Higgs boson h(125) in
various Higgs sectors. The renormalization is based on the improved on-shell scheme
without gauge dependence. In the first version H-COUP 1.0, the following models
are included, namely, the Higgs singlet model, four types (Type-I, Type-II, Type-X,
Type-Y) of two Higgs doublet models with a softly-broken Z2 symmetry and the
inert doublet model. We first briefly introduce these models and then explain how
to install and run this tool in an individual machine. A sample of numerical outputs
is provided for user information.
1 The webpage of H-COUP is given in http://www-het.phys.sci.osaka-u.ac.jp/~kanemu/HCOUP_HP1013/
HCOUP_HP.html, where one can download the set of source files of H-COUP 1.0.
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2I. INTRODUCTION
After the discovery of the Higgs boson h(125) in 2012 at the LHC [1, 2], its property has
been measured and it has turned out to be consistent with that of the Higgs boson in the
Standard Model (SM) [3, 4]. Nevertheless, there is an expectation that the SM is replaced
by a new physics model at the TeV scale or higher by which phenomena beyond the SM such
as neutrino oscillations, the existence of dark matter and baryon asymmetry of the Universe
can be explained. If this is the case, some hint or evidence for new physics should be found
by current or future experiments.
In the SM, only one scalar isospin doublet field is introduced to break the electroweak
gauge symmetry. This is just an assumption. There is a possibility for an extended Higgs
sector with a specific multiplet structure. Actually, various new physics models beyond the
SM predict characteristic non-minimal Higgs sectors. Therefore, by detailed studies of the
Higgs sector we can narrow down models of new physics. Determining the structure of the
Higgs sector is a top priority in the construction of the new physics theory.
If the second Higgs boson is discovered at collider experiments, it must be direct evi-
dence for non-minimal Higgs sectors. So far, there have been no report for the discovery
of additional Higgs bosons. However, even without the direct discovery, we can find indi-
rect evidence for non-minimal Higgs sectors, because the effect of non-minimality appears
on the observables of h(125) as deviations from the SM predictions. From the magnitude
of the deviation one can obtain hints for the scale of the new physics such as the mass
of the second Higgs boson. Furthermore, the pattern of the deviation in each observable
like coupling constants strongly depends on details of the structure of the Higgs sector or
scenarios of new physics. Therefore, precision measurements of the Higgs boson properties
are essentially important to explore new physics beyond the SM.
In the future, measurements of the mass, production cross sections, decay branching
ratios and couplings and so on, are expected to be drastically improved by the LHC experi-
ment, including its high luminosity option, and future lepton colliders such as International
Linear Collider (ILC) [5, 6], Compact LInear Collider (CLIC) [7] and e+e− Future Circular
Collider (FCC-ee) [8]. At experiments in these future colliders, the Higgs boson couplings
are expected to be measured with a percent or better accuracy. In order to compare to such
precision measurements, the theory predictions should also be as accurate as possible with
3hff¯ (QCD) hff¯ (EW) hV V hhh
SM [9–12] [13, 14] [13, 15, 16] [17, 18]
MSSM [19, 20] [19, 20] [21] [22–24]
THDMs [25–28] [18, 25, 28–30] [18, 25, 28]
HSMs [25, 31] [25, 31] [25, 32, 33]
IDM [25, 34] [25, 34, 35] [25, 34, 35]
TABLE I: Summary for studies on radiative corrections to the Higgs boson vertices at one-loop
level. For the hff¯ vertex, we separately show the works for the one-loop QCD corrections (the first
column) and electroweak/Higgs loop corrections (the second column). Higher QCD corrections to
the hff¯ and the loop induced hgg vertices are discussed in Sec. VII.
including higher order corrections in various extended Higgs sectors.
Radiative corrections to the Higgs boson vertices have been investigated in various Higgs
sectors. In Table I, we show studies on one-loop corrections to the hff¯ , hV V and hhh
vertices in the SM, two Higgs doublet models (THDMs) with a softly-broken Z2 symmetry,
Higgs singlet models (HSMs)1, and the inert doublet model (IDM).
These radiative corrected vertices and their applications to the physical processes such
as the decay rates and cross sections can be numerically evaluated by using several public
numerical tools. HDECAY [36] and FeynHiggs [37, 38] (NMHDECAY [39]) provides decay widths
and decay branching ratios of Higgs bosons with electroweak and QCD corrections in the
SM and the MSSM (next to MSSM). For non-supersymmetric (SUSY) models, 2HDMC [40]
and sHDECAY [41] give decay rates, total widths and branching fraction for Higgs bosons with
QCD corrections in THDMs and HSMs, respectively. However, there is still no public pro-
gram tool which evaluates observables of the Higgs boson with electroweak loop corrections
in non-SUSY models with extended Higgs sectors.
In this manual, we explain how to use a new calculation tool “H-COUP 1.0” written in a
Fortran code to evaluate one-loop electroweak corrected Higgs boson vertices (hWW , hZZ,
1 In fact, there are several versions of the HSM, e.g., a model with an U(1) gauge symmetry, a discrete
Z2 symmetry and the most general case without imposing any additional symmetry. We here do not
distinguish these variations.
4htt¯, hbb¯, hcc¯, hττ , hhh) and the loop induced decay rates (h→ γγ, h→ Zγ, h→ gg) as well
as the oblique electroweak S and T parameters in non-minimal Higgs sectors. H-COUP 1.0
includes the HSM (a model with a real singlet scalar field), the four types (Type-I, Type-
II, Type-X and Type-Y) of the THDM with a softly-broken Z2 symmetry and the IDM
in addition to the SM. The one-loop corrections are evaluated by the improved on-shell
renormalization scheme defined in Ref. [25], in which gauge dependence appearing in mixings
among scalar fields is removed by the pinch technique [42, 43]. The parameter space of
each model is constrained by various theoretical and experimental bounds. With the future
precision data, one can fingerprint the various Higgs boson couplings by comparing the future
data with precise theoretical predictions calculated by using H-COUP 1.0, and identify the
Higgs sector as discussed in Refs. [25, 44–47].
This manual of H-COUP 1.0 is organized as follows. In Sec. II, we define the Higgs
potential in the HSM, the THDMs and the IDM. Constraints implemented in H-COUP 1.0
are discussed in Sec. III. In Sec. IV, we give the renormalized form factors of the Higgs
boson vertices. In Sec. V, the structure of H-COUP 1.0 is shown, where the input and output
parameters are explained for each model. In Sec. VI, we explain how to install and run
H-COUP 1.0 in order. A sample of output values is presented. Sec. VII is devoted to the
discussion of the application of H-COUP 1.0 to the decay rates. We also briefly review QCD
corrections to decay rates of h→ qq¯ and h→ gg processes. Summary is given in Sec. VIII.
II. NON-MINIMAL HIGGS SECTORS
We briefly introduce non-minimal Higgs sectors implemented in H-COUP 1.0, i.e. the
HSM, the THDMs with a softly-broken Z2 symmetry and CP-conservation and the IDM.
Throughout this manual, we use the following notation to represent mass eigenstates of
fields:
G± (G0) : the Nambu-Goldstone bosons absorbed by the W±L and (ZL) boson
H, h : CP-even Higgs bosons. The latter corresponds to the discovered one
A : a CP-odd Higgs boson
H± : a pair of singly-charged Higgs bosons
(1)
In addition, we use the shorthand notations sθ = sin θ and cθ = cos θ.
5A. HSM
The Higgs sector of the HSM is composed of an isospin doublet Higgs field Φ with
hypercharge Y = 1/2 and a real singlet Higgs field S with Y = 0. The most general Higgs
potential is written as
V (Φ, S) =m2Φ|Φ|2 + λ|Φ|4 + µΦS|Φ|2S + λΦS|Φ|2S2 + tSS +m2SS2 + µSS3 + λSS4, (2)
where all the parameters are real. Component fields are expressed by
Φ =

 G+
v+φ+iG0√
2

 , S = vS + s. (3)
The Vacuum Expectation Value (VEV) of the doublet field v is related to the electroweak
symmetry breaking, namely, v = (
√
2GF )
−1/2 ≃ 246 GeV with GF being the Fermi constant,
while the VEV of the singlet field vS does not break any symmetry. The potential given in
Eq. (2) is invariant under the shift of the singlet VEV vS → v′S [48], so that vS can be fixed
to be zero without any loss of generality, and we take it in what follows.
The mass eigenstates of the Higgs bosons are defined by introducing the mixing angle α
as follows 
s
φ

 = R(α)

H
h

 with R(θ) =

cθ −sθ
sθ cθ

 . (4)
Their squared masses and the mixing angle α are expressed as
m2H =M
2
11c
2
α +M
2
22s
2
α +M
2
12s2α, (5)
m2h =M
2
11s
2
α +M
2
22c
2
α −M212s2α, (6)
tan 2α =
2M212
M211 −M222
, (7)
where the mass matrix elements M2ij are given by
M211 = 2m
2
S + v
2λΦS, M
2
22 = 2λv
2, M212 = vµΦS. (8)
We note that the parameters m2Φ and tS are eliminated by using the stationary conditions
for φ and s. By using Eqs. (5) - (7), we can replace the parameters λ,m2S and µΦS with m
2
H ,
m2h and α. As a result, there are the following 5 input free parameters in the HSM:
mH , α, λS, λΦS, µS. (9)
6Φ1 Φ2 QL LL uR dR eR ζu ζd ζe
Type-I + − + + − − − cot β cot β cot β
Type-II + − + + − + + cot β − tan β − tan β
Type-X + − + + − − + cot β cot β − tan β
Type-Y + − + + − + − cot β − tan β cot β
TABLE II: The Z2 charge assignment and the ζf (f = u, d, e) factors appearing in Eq. (43) for
each type of Yukawa interactions.
We note that mh and v are fixed to be 125 GeV and by (
√
2GF )
−1/2, respectively, and these
values are also used in the THDMs and the IDM discussed in the succeeding subsections.
B. THDMs
The Higgs sector of the THDMs is composed of two isospin doublet Higgs fields Φ1 and Φ2
with Y = 1/2. Under the softly-broken Z2 symmetry, we can define four types of Yukawa
interactions [49–51] as shown in Table II depending on the Z2 charge assignment for the
right-handed fermions.
The Higgs potential is given by
V (Φ1,Φ2) = +m
2
1|Φ1|2 +m22|Φ2|2 −m23(Φ†1Φ2 + h.c.)
+
λ1
2
|Φ1|4 + λ2
2
|Φ2|4 + λ3|Φ1|2|Φ2|2 + λ4|Φ†1Φ2|2 +
λ5
2
[
(Φ†1Φ2)
2 + h.c.
]
. (10)
Although m23 and λ5 are generally complex, we take them to be real, by which the Higgs
potential is CP-conserving. The two doublets Φ1 and Φ2 are parameterized as
Φi =

 w+i
vi+hi+izi√
2

 , (i = 1, 2), (11)
where v1 and v2 are the VEVs of the Higgs doublet fields with v =
√
v21 + v
2
2.
The mass eigenstates of the Higgs fields are defined as follows:
 w±1
w±2

 = R(β)

 G±
H±

 ,

 z1
z2

 = R(β)

 G0
A

 ,

 h1
h2

 = R(α)

H
h

 , (12)
7where tan β = v2/v1. By solving the two stationary conditions for h1 and h2, we can eliminate
the parameters m21 and m
2
2. Then, the squared masses of the physical Higgs bosons and the
mixing angle α are expressed by
m2H± =M
2 − v
2
2
(λ4 + λ5), (13)
m2A =M
2 − v2λ5, (14)
m2H = c
2
β−αM
2
11 + s
2
β−αM
2
22 − s2(β−α)M212, (15)
m2h = s
2
β−αM
2
11 + c
2
β−αM
2
22 + s2(β−α)M
2
12, (16)
tan 2(β − α) = − 2M
2
12
M211 −M222
, (17)
where M2ij (i, j = 1, 2) are the mass matrix elements for the CP-even scalar states in the
basis of (h1, h2)R(β):
M211 = v
2(λ1c
4
β + λ2s
4
β) +
v2
2
λ345s
2
2β, (18)
M222 = M
2 + v2s2βc
2
β(λ1 + λ2 − 2λ345), (19)
M212 =
v2
2
s2β(λ2s
2
β − λ1c2β) +
v2
2
s2βc2βλ345, (20)
with λ345 ≡ λ3 + λ4 + λ5. The parameter M2 ≡ m23/(sβcβ) describes the soft breaking scale
of the Z2 symmetry. From the above discussion, we can choose the following 7 parameters
as input free parameters
mH , mA, mH± , sβ−α, tan β, M
2, Sign(cβ−α), (21)
where sβ−α ≥ 0 is taken by definition.
C. IDM
Similar to the THDMs, the Higgs sector of the IDM is composed of two doublet scalar
fields Φ and η, but the Z2 symmetry is assumed to be unbroken. Under the Z2 symmetry, η
is Z2 odd, while all the other fields are Z2 even. In order to avoid the spontaneous breaking
of the Z2 symmetry, the VEV of η must be taken to zero, and thus η is called the inert
doublet. The general Higgs potential under the exact Z2 symmetry is written by
V (Φ, η) = µ21|Φ|2 + µ22|η|2 +
λ1
2
|Φ|4 + λ2
2
|η|4 + λ3|Φ|2|η|2 + λ4|Φ†η|2 + λ5
2
[(Φ†η)2 + h.c.].
(22)
8All the parameters are taken to be real without loss of generality. Component fields of Φ
and η are expressed by
Φ =

 G+
v+h+iG0√
2

 , η =

 H+
H+iA√
2

 , (23)
Imposing a stationary condition for h, we can eliminate µ21. Then one obtains the following
expressions for the squared masses of the Higgs bosons
m2h = λ1v
2, (24)
m2H± = µ
2
2 +
v2
2
λ3, (25)
m2H = µ
2
2 +
v2
2
(λ3 + λ4 + λ5), (26)
m2A = µ
2
2 +
v2
2
(λ3 + λ4 − λ5). (27)
We can choose the following 5 parameters as input free parameters:
mH , mA, mH± , µ2, λ2. (28)
III. CONSTRAINTS
In this section, we discuss the constraints on the parameter space which are implemented
in H-COUP 1.0.
• Perturbative unitarity bounds
Perturbative unitarity constraints [52] can be expressed by the following inequality
|ai0| <
1
2
, (29)
where ai0 are the eigenvalues of the s-wave amplitude matrix for the 2-body→ 2-body
elastic scalar boson scatterings at the high-energy limit. These eigenvalues are ex-
pressed by linear combinations of quartic couplings of the Higgs potential, and it turns
out to be the constraint on the masses of Higgs bosons. Originally, perturbative uni-
tarity constraints were applied in the SM to obtain the upper limit on the Higgs boson
mass [52], where there are 4 neutral 2-body scattering states: |G+G−〉, |G0G0〉, |G0h〉
and |hh〉. The eigenvalues ai0 in Eq. (29) can be obtained by diagonalizing the 4 × 4
9s-wave amplitude matrix. In the HSM, the s-wave amplitude matrix for the neutral
2-body scattering states is the 7× 7 form, which are constructed by |G+G−〉, |G0G0〉,
|G0h〉, |G0H〉, |hH〉, |hh〉 and |HH〉. Diagonalizing the s-wave amplitude matrix, we
can obtain the 4 independent eigenvalues [53]. In the THDMs and the IDM, the s-
wave amplitude matrix for the neutral 2-body scattering states is given by the 14×14
form by |G+G−〉, |G0G0〉, |G0h〉, |G0H〉, |hH〉, |hh〉, |HH〉, |AA〉, |AG0〉, |Ah〉, |AH〉,
|H+G−〉, |G−H+〉 and |H+H−〉. This provides the 12 independent eigenvalues [54–57].
• Triviality bounds
Triviality bounds require that a Landau pole does not appear up to a cutoff scale
Λcutoff . This requirement can be expressed as
|λi(µ)| ≤ 4π, for µ∀ (mZ ≤ µ ≤ Λcutoff), (30)
where λi(µ) are running coupling constants at scale µ evaluated by solving renormal-
ization group equations. The initial scale is fixed to be µ = mZ . In H-COUP 1.0,
running couplings are calculated by using one-loop β functions given in Ref. [58],
Ref. [59] and Ref. [60] for the HSM, the THDM and the IDM, respectively.
• Vacuum stability bounds
Vacuum stability bounds require that the Higgs potential is bound from below in any
direction of field space with a large value. The explicit formulae for the necessary and
sufficient conditions for the vacuum stability are given in Refs. [61–63] for the HSM
and in Refs. [64–67] for the THDMs and the IDM. In H-COUP 1.0, such condition,
written in terms of the running dimensionless coupling constants, is required to be
satisfied at arbitrary scale µ with mZ ≤ µ ≤ Λcutoff .
• Conditions to avoid wrong vacuum (only for the HSM)
In the HSM, in addition to the true local vacuum, (
√
2〈Φ〉, 〈S〉)=(v, 0), there are 5
wrong local extrema at (v±, x±) and (0, x1,2,3) because of the existence of the scalar
trilinear couplings µΦS and µS. [48, 68]. Explicit formulae for v±, x± and x1,2,3 are
given in Ref. [32]. The conditions to avoid wrong vacua are then expressed as follows
Vnor(v±, x±) > 0, Vnor(0, x1,2,3) > 0, (31)
where Vnor is the normalized Higgs potential defined by Vnor(v, 0) = 0.
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• Constraints from the S and T parameters
In H-COUP 1.0, the electroweak S and T parameters proposed by Peskin and Takeuchi
[69] are calculated in each non-minimal Higgs sector. Under U = 0, S and T are given
by the global fit of various electroweak observables in Ref. [70] as
S = 0.05± 0.09, T = 0.08± 0.07, (32)
with the correlation coefficient ρST = 0.89. Defining new physics contributions to the
S and T parameters as
∆S = SNP − SSM, ∆T = TNP − TSM, (33)
we require ∆S and ∆T to be within 95% CL, i.e., χ2(∆S,∆T ) ≤ 5.99. We note that we
take mh = 125 GeV and mt = 173.21 GeV as a reference value for the SM prediction
SSM and TSM. The analytic formulae for the new physics contributions to ∆S and ∆T
are given in Ref. [71] and [72–76] for the HSM and the THDM, respectively. Those in
the IDM are simply obtained by taking sβ−α = 1 in the THDMs.
IV. RENORMALIZED VERTICES
In this section, we define renormalized Higgs boson vertices hV V (V = W or Z), hff¯
and hhh at one-loop level, which are outputs in H-COUP 1.0. We apply the improved on-
shell renormalization scheme adopted in Ref. [25], where gauge dependence appearing in
the renormalization of mixing angles among scalar bosons is removed by using the pinch
technique.
The renormalized hV V and hff¯ vertices can be decomposed by the following form factors:
ΓˆµνhV V (p
2
1, p
2
2, q
2) = gµνΓˆ1hV V +
pµ1p
ν
2
m2V
Γˆ2hV V + iǫ
µνρσ p1ρp2σ
m2V
Γˆ3hV V , (34)
Γˆhff¯(p
2
1, p
2
2, q
2) = ΓˆShff¯ + γ5Γˆ
P
hff¯ + p1/ Γˆ
V1
hff¯
+ p2/ Γˆ
V2
hff¯
+ p1/ γ5Γˆ
A1
hff¯
+ p2/ γ5Γˆ
A2
hff¯
+ p1/ p2/ Γˆ
T
hff¯ + p1/ p2/ γ5Γˆ
PT
hff¯ , (35)
where the arguments (p21, p
2
2, q
2) for each form factor are understood. The direction of the
momenta pµ1 , p
µ
2 and q
µ for each vertex is shown in Fig. 1. These renormalized form factors
11
FIG. 1: Schematic expressions of Eqs. (36)-(38). The first, second and third expressions denote
the renormalized form factors of the hV V vertex, hff¯ vertex and the hhh vertex function, respec-
tively. In the right hand side of these functions, the first term, second term and third term show
contributions at the tree level, at the one-loop level and of the counterterms, respectively.
ΓˆihV V and Γˆ
a
hff¯
and the renormalized hhh vertex are further expressed by the three parts:
ΓˆihV V (p
2
1, p
2
2, q
2) = Γi,treehV V + Γ
i,1PI
hV V (p
2
1, p
2
2, q
2) + δΓihV V , (36)
Γˆahff¯(p
2
1, p
2
2, q
2) = Γa,tree
hff¯
+ Γa,1PI
hff¯
(p21, p
2
2, q
2) + δΓahff¯ , (37)
Γˆhhh(p
2
1, p
2
2, q
2) = Γtreehhh + Γ
1PI
hhh(p
2
1, p
2
2, q
2) + δΓhhh, (38)
where ΓtreehXX , Γ
1PI
hXX and δΓhXX denote the contributions from the tree level diagram, 1PI dia-
grams for the vertex and the counterterms, respectively. This can be schematically expressed
12
as in Fig. 1. The tree level contributions are expressed as
Γ1,treehV V,HSM =
2m2V
v
cα, (39)
ΓS,tree
hff¯ ,HSM
= −mf
v
cα, (40)
Γtreehhh,HSM = 6
[
− c
3
α
2v
m2h − s2α(cαλΦSv − sαµS)
]
, (41)
in the HSM,
Γ1,treehV V,THDM =
2m2V
v
sβ−α, (42)
ΓS,tree
hff¯ ,THDM
= −mf
v
(sβ−α + ζfcβ−α), (43)
Γtreehhh,THDM = 6
[
−m
2
h
2v
sβ−α +
M2 −m2h
v
sβ−αc
2
β−α +
M2 −m2h
2v
c3β−α(cot β − tan β)
]
, (44)
in the THDMs, where ζf are defined in Table II. For the IDM,
Γ1,treehV V,IDM =
2m2V
v
, ΓS,tree
hff¯ ,IDM
= −mf
v
, Γtreehhh,IDM = −3
m2h
v
, (45)
where these expressions are the same as those in the SM. We note that tree level contributions
to all the other form factors are zero, namely,
Γ2,treehV V = Γ
3,tree
hV V = Γ
a,tree
hff¯
= 0 (a 6= S). (46)
Explicit formulae for Γ1PIhXX in the HSM, THDMs and IDM are presented in Refs. [31, 32],
[28] and [34], respectively, and those for counterterms in each model are given in Ref. [25].
In H-COUP 1.0, one also can obtain leading order (LO) values of the loop induced decay
rates h→ γγ, h→ Zγ and h→ gg. Their explicit analytic formulae are given in Refs. [28]
(THDMs), [31] (HSM) and [34] (IDM).
V. STRUCTURE OF H-COUP
H-COUP is composed of the three blocks, i.e., (I) input, (II) computation and (III) output
as shown in Fig. 2. In the following, we explain each of these blocks in order.
First, in the input block, we can select the model by modifying Makefile (see the next
section). In the current version (H-COUP 1.0), we can select the HSM, the THDMs (Type-I,
Type-II, Type-X and Type-Y) or the IDM. Next, we can set the input parameters which are
separated into the model dependent parameters and the global parameters. For the former,
13
FIG. 2: Structure of H-COUP 1.0.
there 6, 9 and 6 parameters in the HSM, THDMs and IDM as shown in Tables III, IV and
V, respectively. Particularly in the THDM, the type of Yukawa interactions can be specified
by setting the n variable defined in H-COUP as follows:
n = 1 : Type-I, n = 2 : Type-II, n = 3 : Type-X, n = 4 : Type-Y. (47)
On the other hand, the global parameters are common to all the models, by which we
can specify the SM parameters and the squared momenta of the renormalized form factors.
There are 3 independent squared momenta for each renormalized vertex (ΓˆihV V , Γˆ
a
hff and
Γˆhhh) as shown in Table VI. The SM parameters and their default values are summarized
in Table VII. We can set these model dependent and global input parameters by modifying
the files in the inputs directly (see the next section).
Second, in the computation block, tree level Higgs boson couplings, 1PI diagrams for 1-,
2- and 3-point functions and counterterms are calculated under the fixed model and input
parameters. All the 1PI diagrams are written in terms of the Passarino-Veltman A, B and
C functions, which are numerically evaluated by LoopTools [77]. Then, all the counterterms
are evaluated in terms of the above calculated 1-, 2- and 3-point functions.
14
HSM
Parameters mH α µS λS λΦS Λ
H-COUP def. mbh alpha mu s lam s lam phis cutoff
Default value 500 GeV 0.1 0 0 0 3 TeV
TABLE III: Input parameters in the HSM. All these parameters are defined by double precision.
THDM
Parameters Type mH± mA mH M
2 sβ−α Sign(cβ−α) tan β Λ
H-COUP def. n mch ma mbh bmsq sin ba sign (1 or −1) tanb cutoff
Default value 1 500 GeV 500 GeV 500 GeV (450 GeV)2 0 1 1.5 3 TeV
TABLE IV: Input parameters in the THDMs. All these parameters are defined by double precision
except for n and sign which are defined by integer, and can be (1, 2, 3 or 4) for n (see Eq. (47)) and
(1 or −1) for sign.
IDM
Parameters mH± mA mH µ
2
2 λ2 Λ
H-COUP def. mch ma mbh mu2sq lam2 cutoff
Default value 500 GeV 500 GeV 500 GeV (500 GeV)2 0 3 TeV
TABLE V: Input parameters in the IDM. All these parameters are defined by double precision.
Finally, in the output block, H-COUP tells us if a given configuration determined by input
parameters is allowed or excluded. If it is allowed, a message “Allowed” appears in the
command line after executing the executable file (see the next section). If it is excluded, a
message “Excluded by XXX” appears, where “XXX” can be perturbative unitarity, vacuum
stability, triviality, wrong vacuum conditions and/or ST parameters. In the both cases,
the output file is generated in the output directly. We note that the output file for the SM
predictions is also generated at the same time once one of the output file for the non-minimal
Higgs sector is generated.
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ΓˆihV V (V = Z,W ) Γˆ
a
hff (f = t, b, c, τ)
Momentum
√
p21
√
p22
√
q2
√
p21
√
p22
√
q2
H-COUP def. p hVV(1) p hVV(2) p hVV(3) p hff(1) p hff(2) p hff(3)
Default value mV 250 GeV mh mf mf (300 GeV) mh
Γˆhhh
Momentum
√
p21
√
p22
√
q2
H-COUP def. p hhh(1) p hhh(2) p hhh(3)
Default value mh mh 2mh
TABLE VI: Input global parameters. For Γˆahtt, the default value of
√
p22 (p htt(2) ) is taken to be
300 GeV.
Parameters mZ αem GF ∆αem αs
H-COUP def. mz alpha em G F del alpha alpha s
Description Z mass Fine structure const. Fermi const. Shift of αem Strong coupling
Default value 91.1876 GeV 1/137.035999074 1.1663787×10−5 GeV−2 0.06635 0.1185
Parameters mh mt mb mc mτ
H-COUP def. mh mt mb mc mtau
Description Higgs mass t mass b mass c mass τ mass
Default value 125 GeV 173.21 GeV 4.66 GeV 1.275 GeV 1.77684 GeV
TABLE VII: Input global SM parameters. All these parameters are defined by double precision.
VI. INSTALLATION AND HOW TO RUN
In order to run H-COUP, we need to install a Fortran compiler (GFortran is recommended)
and LoopTools [77] in advance. One can download the LoopTools package from [77], and
see the manual for its installation. In the following, we explain how to run H-COUP in order.
Outputs ΓˆihV V Γˆ
a
hff Γˆhhh Γ(h→ γγ) Γ(h→ Zγ) Γ(h→ gg)
H-COUP def. rGam hVV(i) rGam hff(a) rGam hhh Gam hgamgam Gam hZgam Gam hgg
TABLE VIII: Contents of output file. The index i runs from 1 to 3, and the index a runs over S,
P , V 1, V 2, A1, A2, T and PT .
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1. Unzip the HCOUP-1.0.zip file:
$ unzip HCOUP-1.0.zip
Then, the HCOUP-1.0 directly (HCOUP-1.0/) is created. In this directly, one can
find 4 directories and Makefile as follows
$ ls
Makefile inputs/ models/ modules/ outputs/
These directories include the following files.
inputs/ : files for the model dependent/global input parameters are stored:
in hsm.txt (input file for the HSM),
in thdm.txt (input file for the THDMs),
in idm.txt (input file for the IDM),
in momentum.txt (global input file for momenta) and
in sm.txt (global input file for the SM parameters).
outputs/: files for the output are generated in this directly2:
out sm.txt (output file for the SM),
out hsm.txt (output file for the HSM),
out thdm.txt (output file for the THDMs) and
out idm.txt (output file for the IDM).
models/: main Fortran90 files for H-COUP are stored:
HCOUP HSM.F90 (model file for the HSM),
HCOUP THDM.F90 (model file for the THDMs) and
HCOUP IDM.F90 (model file for the HSM).
Users do not need to touch these files.
modules/: module files for H-COUP are stored.
Users do not need to touch these files.
2. Open Makefile by an editor and replace “PATH” appearing in the two lines “LIBS =
-L PATH -looptools” and “$ (FC) -I PATH -c $ < $ (LIBS)” in Makefile by the correct
2 Initially, this folder is empty.
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path to the library file of LoopTools (looptools.a) and the header file (looptools.h),
respectively. These files are in the LoopTools-X.XX/build/ directly (X.XX denotes
the version) of the LoopTools package.
3. In HCOUP-1.0/, perform the “make” command:
$ make
The executable file “a.out” should be generated.
4. Execute a.out:
$ ./a.out
Then, an output file is generated in the output directly (output/). If a given set
of input parameters is excluded by some of constraints, a message appears in the
command line. We here show the example of the generated output file in output/ in
Fig. 3.
5. One can change the model by replacing the “MODEL” part of “MAIN =MODEL.F90”
in Makefile by the other model file (as default, it is specified to be HCOUP HSM.F90
). One can choose one of the HCOUP HSM.F90 (for the HSM), HCOUP THDM.F90
(for the THDM) and HCOUP IDM.F90 (for the IDM) files.
6. One can change the model dependent input parameters by modifying the in hsm.txt,
in thdm.txt and in idm.txt, and also the global (model independent) parameters by
modifying the in momentum.txt and in sm.txt files in the input directly. In Fig. 4
and 5, we show the example of the input file for the HSM (in hsm.txt) and the global
input file (in momentum.txt).
In Table IX, we show the sample of outputs using the default inputs given in Tables III,
IV, V and VI.
VII. APPLICATION OF H-COUP TO PHYSICAL QUANTITIES
As we explained in the previous sections, H-COUP provides numerical values of the renor-
malized form factors for the hV V , hff¯ and hhh vertices. Using these form factors, we
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FIG. 3: Example of the output file (out hsm.txt).
.
can compute physical observables, e.g., decay rates, total widths and cross sections. We
here discuss the application of H-COUP to the calculation of the decay rates of h. In version
1.0, this cannot be automatically done3, but the decay rates can be obtained by the simple
computations discussed below.
A. Decay rates
Assuming all the extra Higgs bosons are heavier than the discovered Higgs boson h, there
are the following decay processes
h→ f f¯ (f 6= t), h→ V V ∗ → V ff¯ ′, h→ γγ, h→ Zγ, h→ gg. (48)
The last three modes are loop induced, and the LO prediction can be provided by
H-COUP 1.0.
The decay rate of h into a fermion pair is given in terms of the form factors of the hff¯
vertex:
Γ(h→ f f¯) = N
f
c mh
8π
∣∣ΓShff + 2mfΓV 1hff + (m2h −m2f )ΓThff ∣∣2 λ3/2
(
m2f
m2h
,
m2f
m2h
)
, (49)
3 In a future version, physical quantities will also be able to be produced.
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FIG. 4: Example of the input file in hsm.txt.
FIG. 5: Example of the input file in momentum.txt.
where Nfc = 1(3) for f to be leptons (quarks), and
λ(x, y) ≡ (1 + x− y)2 − 4x. (50)
In the above expression, the three momenta for the form factors Γihff are fixed to be
p21 = p
2
2 = m
2
f and q
2 = m2h. We note that the form factors Γ
P
hff , Γ
A1
hff , Γ
A2
hff and Γ
PT
hff do not
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SM HSM THDM (Type-I) IDM
ReΓˆ1hZZ [GeV] 66.7002033 66.3606456 66.6615250 66.7002111
ReΓˆ2hZZ [GeV] −1.14685795 × 10−1 −1.13818683 × 10−1 −1.08763248 × 10−1 −1.14685795 × 10−1
ReΓˆ3hZZ [GeV] 4.45532608 × 10−3 4.43306800 × 10−3 4.45532608 × 10−3 4.45532608 × 10−3
ReΓˆ1hWW [GeV] 53.4180776 53.1463661 53.3946191 53.4180837
ReΓˆ2hWW [GeV] −9.81797093 × 10−2 −9.76599594 × 10−2 −9.26602552 × 10−2 −9.81797093 × 10−2
ReΓˆ3hWW [GeV] 1.46086850 × 10−3 1.45357025 × 10−3 1.46086850 × 10−3 1.46086850 × 10−3
ReΓˆShtt −7.30596472 × 10−1 −7.26874884 × 10−1 −7.30899549 × 10−1 −7.30596391 × 10−1
ReΓˆShbb −1.88986892 × 10−2 −1.88039217 × 10−2 −1.88720530 × 10−2 −1.88986871 × 10−2
ReΓˆShcc −5.16279547 × 10−3 −5.13690642 × 10−3 −5.16584879 × 10−3 −5.16279487 × 10−3
ReΓˆShττ −7.01896236 × 10−3 −6.98376220 × 10−3 −7.02321748 × 10−3 −7.01896153 × 10−3
ReΓˆhhh [GeV] −1.87380208 × 102 −1.84513810 × 102 −1.91267505 × 102 −1.87380186 × 102
Γh→γγ [GeV] 9.16541404 × 10−6 9.07406501 × 10−6 8.95726899 × 10−6 9.16541404 × 10−6
Γh→Zγ [GeV] 6.37110861 × 10−6 6.30760961 × 10−6 6.31549430 × 10−6 6.37110861 × 10−6
Γh→gg [GeV] 1.92656103 × 10−4 1.90735956 × 10−4 1.92656103 × 10−4 1.92656103 × 10−4
TABLE IX: Sample of the outputs for the renormalized form factors and the loop induced decay
rates. We note that the QCD corrections are not included in the current version of the H-COUP
(Ver. 1.0).
contribute to the decay rate in the case with the on-shell fermions in the final state. For
the case with f = q (q denotes a light quark such as b and c), QCD corrections are quite
important to be taken into account. We will discuss the implementation of QCD corrections
into the decay rates of h→ qq¯ and h→ gg in the next subsection.
The decay rate of the h → V V ∗ → V ff¯ ′ can also be written in terms of the three form
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factors of the hV V vertex as
Γ(h→ V V ∗ → V ff¯ ′) = g
2
Vmh
3072π3
∫ (mh−mV )2
0
ds
x3V (s−m2V )2
λ1/2(xV , xs)
×
{
|Γ1hV V |2x2V
[
(1− xV − xs)2 + 8xV xs
]
+
|Γ2hV V |2
4
[
xs − (1−√xV )2
] [
xs − (1 +√xV )2
]
λ(xV , xs)
+ 2|Γ3hV V |2xV xsλ(xV , xs) + Re(Γ1∗hV V Γ2hV V )xV (1− xV − xs) λ(xV , xs)
}
. (51)
where xV = m
2
V /m
2
h, xs = s/m
2
h, g
2
W = g
2 and g2Z = g
2(v2f + a
2
f)/c
2
W with vf = If/2− s2WQf
and af = If/2. We note that, the masses of the final state fermions are neglected. For this
process, the squared three momenta in the form factors ΓihV V should be fixed by p
2
1 = m
2
V ,
p22 = s and q
2 = m2h, where s (the invariant mass of the two fermions) is integrated out from
0 to (mh −mV )2 as seen in Eq. (51).
B. QCD corrections
It is well known that QCD corrections to the decay rates of h into hadronic final states
such as h→ qq¯ and h→ gg are quite important. Although in H-COUP 1.0, QCD corrections
are not implemented in the renormalized form factors, it is straightforward to implement
such effect in a future version of H-COUP as these have already been computed in previous
works.
For the h → qq¯ decays, QCD corrections based on the MS scheme can be expressed at
the scale µ = mh by
Γ(h→ qq¯) = 3GF
4
√
2π
mhm¯
2
q(mh)
[
1 +
∑
p≥1
∆Γp
(
α¯s(mh)
π
)p]
, (52)
where m¯q and α¯s are the running quark mass and the strong coupling constant defined in
the MS scheme, and the limit m¯q(mh)/mh → 0 is taken. The coefficients ∆Γp has been
known up to p = 4 in Ref. [78], and their numerical values are given by
∆Γ1 = 5.6668, ∆Γ2 = 29.147, ∆Γ3 = 41.758, ∆Γ4 = −825.7, (53)
where the effective quark flavour nf = 5 is taken. We note that O(αsαem) corrections to the
decay rate of h → bb¯ has also been computed in the SM [79], where the magnitude of the
correction is comparable to the O(α3s) correction but has the opposite sign.
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For the h→ gg decay, LO is one-loop induced as follows:
Γ(h→ gg)LO = GFα
2
sm
3
h
64
√
2π3
∣∣∣∣∣
∑
q
8m2q
m2h
[
1 +
(
2m2q −
m2h
2
)
C0(0, 0, m
2
h, mq, mq, mq)
]∣∣∣∣∣
2
, (54)
where C0 is the Passarino-Veltman scalar three-point function. This can also be applied
to obtain the prediction for the Higgs boson production cross section via the gluon fusion
mechanism: gg → h by multiplying the appropriate phase factor. The O(αs) correction,
corresponding to the next-to-leading order (NLO), to this process has been calculated in
Refs. [80–82] in the MS scheme, which gives about +70% enhancement in the decay rate
with respect to the leading order prediction. In the limit mt →∞, one can obtain a rather
simple analytic expression [83]
Γ(h→ gg)NLO = Γ(h→ gg)LO
[
1 +
α¯s(µ)
π
(
95
4
− 7
6
nf +
33− 2nf
6
ln
µ2
m2h
)]
, (55)
In addition, O(α2s) corrections have been given in Refs. [84–86] with a limit mt → ∞ and
in Refs. [87, 88] with a finite value of mt. In Ref. [89], the gluon fusion cross section at the
LHC with the collision energy of 8 TeV has been presented at O(α2s) level, and it has been
found that the theoretical uncertainty is about order ±9%. Furthermore, O(α3s) corrections
have been performed in Ref. [90] (references therein for the other calculations at O(α3s) level
with approximations) as the most accurate theoretical prediction in the computation by
perturbative QCD. The theoretical uncertainty in the gluon fusion cross section reduces to
be order ±2% at the LHC with 8 TeV.
These QCD corrections will be implemented in a future version of H-COUP.
VIII. SUMMARY
We have described a Fortran program H-COUP 1.0 which provides numerical values of
various one-loop electroweak corrected form factors of the discovered Higgs boson vertices
(hff¯ , hV V and hhh) and the loop induced decay rates (h → γγ, h → Zγ and h →
gg) in the SM, HSM, THDMs and IDM. The improved on-shell scheme without gauge
dependence is applied to perform the renormalization. After defining the Higgs potential
of each non-minimal Higgs sector, we discussed the independent input parameters and the
constraints implemented in H-COUP 1.0, i.e., the bounds from the perturbative unitarity,
vacuum stability, triviality, wrong vacuum conditions and electroweak S and T parameters.
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The renormalized hV V , hff¯ and hhh vertices are defined in terms of the 3, 8 and 1 form
factors, respectively. Then, we have explained the structure of H-COUP 1.0 and how to
install and use it. Users can double-check whether H-COUP 1.0 correctly works or not by
comparing the sample output values presented in Table ??.
Finally, we are now preparing ... would like to give a list of what we can improve H-COUP
in its future version as follows:
1. addition of the calculation for the renormalized vertices for extra Higgs bosons (e.g.,
HV µV ν , Aff¯),
2. addition of the other extended Higgs models such as models with isospin triplet Higgs
fields,
3. addition of extra spin 1/2 (e.g., vector-like fermions) and spin 1 (e.g., Z ′ bosons),
4. application of our vertex calculations to more physical quantities such as decay rates,
branching ratios and cross sections,
5. inclusion of QCD corrections particularly for the hqq¯, hgg, hγγ and hZγ vertices,
6. addition of the calculation in the other renormalization schemes such as the MS
scheme.
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